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ABSTRACT 
The coupling effect of interfacial reactions between two pads in Ni-SnAg-Cu and 
Au/Ni/Cu-SnAg-Cu solder joints was investigated in this paper. After reflow soldering, a 
large amount of Cu can diffuse across the solder joint to the opposite pad to form 
(Cu,Ni)6Sn5 IMC on the Ni pad in Ni-SnAg-Cu solder joint. A little Ni can also be 
detected in Cu6Sn5 layer, which contains some trapped solder, on the opposite Cu pad. 
Some Cu6Sn5 was found in the solder bulk. For as-reflowed Au/Ni/Cu-SnAg-Cu solder 
joint, (Cu,Ni)6Sn5 and Cu6Sn5 were formed on the Au/Ni/Cu and Cu pad, respectively. A 
small amount of Au was involved in the (Cu,Ni)6Sn5 and Cu6Sn5 IMCs during the 
subsequent thermal aging. It is interesting to note that some (Cu,Au)6Sn5 with lower Au 
concentration was always surrounded by (Cu,Au)6Sn5 with higher Au concentration at the 
interface or in the solder bulk. Compared with Ni-SnAg-Cu solder joint, the IMCs 
formed on both interfaces in Au/Ni/Cu-SnAg-Cu solder joint were much thinner. Au 
plays an important role in inhibiting the growth of interfacial IMCs. At the same time, Cu 
from Cu pad at one side inhibits the redeposition behavior of (Au,Ni)Sn4. 
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INTRODUCTION 
    Solder joint is considered as an essential part in electronic devices by which 
mechanical attachment and electronic interconnection are achieved. During soldering, 
reactions occur between solders and base materials, such as Cu, Ni, and Au, to form 
intermetallics (IMCs) at the interfaces.  It is well known that these interfacial reactions 
play an important role in dictating the overall performance of a solder joint, such as 
resistance to fatigue, creep, and other mechanical properties. Generally, the presence of 
IMCs between a solder and metallizations is an indication of good metallurgical bonding. 
However, excessive formation of IMCs degrades the solder joint reliability due to its 
inherent brittle nature and property mismatch with the surrounding materials. The 
reactions between Sn and common metallizations were extensively studied in recent 
years [1-14]. Unfortunately, most research has been focused on the single interfacial 
reaction between a solder and metallizations. In real electronic packaging, two different 
metal pads or multilayer metallizations are commonly adopted in most solder joints. 
Some elements dissolved from one pad, such as Au and Cu, can diffuse quickly in a 
molten and solid solder during reflow and subsequent thermal aging process, and then 
affect the interfacial reactions on the other pad. It is especially true when solder joints in 
electronic packaging are minimized. In other words, when the distance between the two 
pads is significantly shortened, the coupling effects between the pads become an 
increasing concern [15-17]. Cu-Sn and Ni-Sn interfacial reactions in reflow soldering was 
studied using Ni-Sn3.5Ag-Cu sandwich structure [15]. It was found that the interfacial 
reactions on the Ni side were strongly affected by the interfacial reactions on the Cu side. 
A layer of (Cu,Ni)6Sn5 was observed on the Ni foil after 30 second reflowing. It was 
assumed that the driving force of the dissolved Cu atoms toward the Ni side was the Cu 
solubility difference across the molten solder, which was established due to the reduced 
Cu solubility near the Ni pad. The cross-interaction of Cu and Au/Ni/Cu in SnPb flip-
chip solder joints was also investigated in reflow soldering and solid-state aging [16]. The 
results showed that the cross-interaction of the two interfaces was important even at the 
reflow stage. The formation of (Cu,Ni)6Sn5 over the Ni layer was found to reduce the Ni 
consumption rate but accelerate the Cu consumption rate. Therefore, the cross-interaction 
between the two pads plays an important role in determining the formation of IMCs and 
their thickness, dictating the overall performance of a solder joint. Currently, Cu, Ni, and 
Au/Ni/Cu are three most common metallizations in electronic packaging. Due to the 
increased environmental concern about Pb, SnAg has become one of the most promising 
lead-free solders to replace eutectic SnPb solders. In this work, interfacial reactions in Ni-
SnAg-Cu and Au/Ni/Cu-SnAg-Cu solder joints were investigated to investigate the 
coupling effect between pads during soldering and subsequent thermal aging process.  
EXPERIMENTAL PROCEDURE 
    Sn3.5Ag solder balls with a diameter of 760 µm were used to join two pads of 600 µm 
in diameter on FR-4 printed circuit boards (PCBs). Three kinds of pads were used in this 
study: Au/Ni/Cu, Ni, and Cu. 1 µm Au and 13 µm electroplated Ni were applied over the 
Cu layer for the Au/Ni/Cu pad. For Ni pad, 4 µm electroless Ni with about 10 wt% P was 
deposited on Cu pad, and a 0.03 µm immersion Au final finish was applied on electroless 
Ni as surface protection. The thickness of Cu pad is more than 30 µm. Two types of 
solder joints were designed: Ni-SnAg-Cu, and Au/Ni/Cu-SnAg-Cu. Before reflow 
soldering, the pads were ultrasonically cleaned and fluxed. The flux was viscous enough 
to hold the solder balls in place. For Ni-SnAg-Cu solder joint, the solder balls were first 
placed on Ni manually, and then reflowed to form bumps in a hot-air reflow oven. 
Subsequently, the solder bumps were flipped over onto the Cu pad and reflowed again to 
form the solder joints. For the Au/Ni/Cu-SnAg-Cu solder joints, solder balls were first 
reflowed on the Cu pad, and then the Au/Ni/Cu pad. Thermocouple was used to monitor 
the temperature change during the reflow process. The peak temperature and the heating 
time above liquidus temperature were 250℃ and 60 s, respectively. Some specimens 
were subjected to isothermal aging at 150℃ up to 36 days after reflow soldering. The as-
reflowed and aged specimens were then mounted in epoxy resin, cross-sectioned by a 
low-speed diamond saw, polished with a 0.1 µm diamond suspension, and slightly etched 
with 2 vol.% HCl + 98 vol.% C2H5OH solution for several seconds to reveal the different 
phases. A scanning electron microscopy (JEOL JSM-6360LV) with an energy dispersive 
x-ray spectroscopy (EDX), operated at 20 Kev, was used to characterize the evolution of 
microstructure and phases formed in the solder joints.  
RESULTS AND DISCUSSION 
Ni-SnAg-Cu solder joint     
    Fig.1 shows the interfacial microstructures of Ni-SnAg-Cu solder joints after reflow 
and thermal aging at 150℃ at different time. Generally speaking, the scallop-like Cu6Sn5 
is the typical morphology for the reaction between Cu and the solder after reflow 
soldering [11]. However, as clearly shown in Fig.2, the porous Cu6Sn5, which was doped 
with a small amount of Ni, was formed on the Cu pad in Ni-SnAg-Cu solder joint after 
reflow. It indicates that the Ni has diffused through the solder to participate in the 
interfacial reactions on the opposite Cu pad during the short reflow soldering. Similar 
phenomenon was also observed in the soldering reaction between Cu and SnAg solder 
doped with small amount of Ni [18]. Ni has an important effect on the morphology of 
Cu6Sn5 though its concentration is very low (less than 2 at%). As shown in Fig.1, there 
are many voids in the Cu6Sn5 layer. In fact, these voids are initially filled with solder, that 
can be removed away during etching in sample preparation. Some large Ag3Sn dendrites 
were found above the Cu6Sn5 layer at the interface. It is interesting to note that no such 
Ag3Sn dendrites were found on the Ni side in the solder joints. It seems that Ag3Sn 
dendrites prefer to grow on the top of Cu6Sn5, therefore, the formation of Cu6Sn5 may 
facilitate the growth of Ag3Sn dendrites. On the Ni side, as shown in Fig.1,  (Cu,Ni)6Sn5 
with a composition of 48.14 at% Sn, 20.21 at% Ni, and  31.65 at% Cu was formed on the 
Ni pad. In addition, some (Cu,Ni)6Sn5 was also found near the interface and in the solder 
bulk. As no Cu is added in the solder itself, the Cu in (Cu,Ni)6Sn5 must come from the Cu 
pad. In other words, a large amount of Cu diffused from the opposite Cu pad was 
involved in the interfacial reactions on Ni pad. It is reported that the interfacial IMC 
formed in Sn-Ni-Cu system is strongly dependent on Cu concentration in a solder [19,20]. 
If the concentration of Cu is low (≤ 0.2 wt%), only (Ni,Cu)3Sn4 can be formed at the 
interface. When the Cu concentration is between 0.2 wt% and 0.6 wt%, (Ni,Cu)3Sn4 and 
(Cu,Ni)6Sn5 can coexist at the interface. With further increase of Cu concentration to 
above 0.6 at%, only (Cu,Ni)6Sn5 can be formed. In the Cu-Ni-Sn phase diagram, an 
enlarged Sn-corner of ternary Cu-Ni-Sn isotherm at 235℃ is shown in Fig.3. The dotted 
line connects the nominal composition of the Sn-Cu solder to the Ni-corner. It can be 
seen that with a very high Cu concentration, (Cu,Ni)6Sn5 will be the first IMC to form 
next to the Sn phase. In other words, if reaction time and temperature are favorable. 
sufficient Cu from the Cu pad can be involved in the interfacial reactions to form 
(Cu,Ni)6Sn5 on the opposite Ni pad due to its fast diffusion rate in a molten solder. For 
the industry application, Sufficient Cu can be obtained by dissolving a Cu pad rather than 
intentionally adding Cu into the solder. Sufficient Cu can be achieved by dissolving from 
Cu pad [21]. A thin dark P-rich Ni layer was observed between the IMCs and the Ni layer, 
but the accurate composition of this P-rich Ni layer is too thin to be accurately 
determined. This P-rich Ni layer is likely to be the Ni3P layer, as widely reported by other 
researchers [2,22,23]. During thermal aging, however, little Ni can be found in the 
Cu6Sn5 on the Cu pad. Also, the voids formed in the Cu6Sn5 layer disappeared gradually 
due to the grain growth of Cu6Sn5, driven by lowering the grain boundary energy. After 
aging at 150℃ for 25 days, no voids were found in the Cu6Sn5 layer, but a very thin 
Cu3Sn layer was developed under the Cu6Sn5. On the Ni pad, the thickness of 
(Cu,Ni)6Sn5 increased, but its composition did  not change much during thermal aging. 
No obvious change was found in the P-rich Ni layer. 
Au/Ni/Cu-SnAg-Cu solder joint 
Au/Ni surface finish is one of the most common metallizations for soldering pads. The 
function of the topmost Au is to prevent underlying Ni layer from oxidizing and facilitate 
the wetting behavior of a solder during reflow. The Ni layer, as diffusion barrier, is 
adopted to prevent rapid reactions between a Cu pad and a solder. As can be seen from 
Figs.4 (a) and (b), Au is dissolved quickly into the solder bulk in the Au/Ni/Cu-SnAg-Cu 
solder joint due to its fast diffusion rate in a molten solder, and some AuSn4 are 
uniformly dispersed in the solder bulk [9]. As a consequence of dissolution of Au, the Ni 
pad was exposed to the molten solder to form rod-like (Cu,Ni)6Sn5, while Cu diffused 
from Cu pad to the opposite pad. The (Cu,Ni)6Sn5 contains about 42.11 at% Cu, 11.32 
at% Ni, and 46.57 at% Sn. Some Cu6Sn5 can be also observed in the solder bulk. On the 
other side, the typical scallop-type Cu6Sn5 formed on the Cu pad in the Au/Ni/Cu-SnAg-
Cu solder joint. As no Ni was detected in the Cu6Sn5, its morphology was not affected by 
Ni in contrast to the Ni-SnAg-Cu solder joint. In other words, the diffusion of Ni is not 
significant in the Au/Ni/Cu-SnAg-Cu solder joint. The possible reason is that Ni atoms in 
the electroplated Ni have less mobility than the electroless counterpart or the Ni atoms 
may be trapped by Au atoms dispersed in the solder bulk. Similar to the Ni-SnAg-Cu 
solder joint, Ag3Sn dendrites were observed on the top of Cu6Sn5. After aging, as shown 
in Fig.4 (c)-(i), the rod-like (Cu,Ni)6Sn5 grows into solder bulk, and Au is involved in 
(Cu,Ni)6Sn5 as (Cu,Au,Ni)6Sn5 with a composition of 41.84 at% Cu, 3.90 at% Au, 7.4 
at% Ni, and 46.86 at% Sn. The (Cu,Au,Ni)6Sn5 has a tendency to spall into the solder 
bulk. On the other side, the morphology of Cu6Sn5 changed from scallop-type to layer-
type on the Cu pad. From the kinetics point of view, scallop-like morphology has a larger 
contact surface with a solder bulk than a flat surface. In a wetting reaction, rapid gain in 
Cu6Sn5 formation may compensate the surface energy spent in growing the scallop-type 
Cu6Sn5. However, in the solid state reactions, the gain disappears, and the Cu6Sn5 
changes to a layer-type with a flat surface because of the high interfacial energy between 
solid solder and Cu6Sn5 [11]. Some Au was also incorporated in Cu6Sn5 on the Cu pad 
after aging, as shown in Fig.4 (d), (f), (h), and (j). There is a different contrast in the SEM 
image of the (Cu,Au)6Sn5 layer. To increase the resolution, EDX x-ray color mapping 
technique was used and the results are shown in Fig.5. The brighter layer contains more 
Au (about 5-6 at%) than the darker layer (about 1-2 at%). Similar phenomenon was also 
found in the solder bulk, as shown in Figs.4 (f) and (j). The (Cu,Au)6Sn5 with lower Au 
concentration was enwrapped with (Cu,Au)6Sn5 with higher Au concentration. Cu6Sn5 
seems to be able to accommodate various elements into its structure. The possible reason 
is that Cu6Sn5 has a NiAs-based structure that is known to be flexible with respect to the 
solubility and therefore to be able to accommodate both small and large atoms into its 
structure [24]. Furthermore, a thin Cu3Sn layer was observed between the (Cu,Au)6Sn5 
and the Cu pad after thermal aging. No significant change in composition and thickness 
was noticed in this layer during the thermal aging. It is interesting to note that no Au was 
found in the Cu3Sn layer. This may attribute to the barrier effect of (Cu,Au)6Sn5. 
As shown in Fig.6, the thickness of Cu6Sn5 on the Cu pad in the Ni-SnAg-Cu solder 
joint decreases first after the thermal aging because Cu6Sn5 grains grow and fill the 
positions originally occupied by trapped solder to lower the grain boundary energy. After 
aging at 150℃ for 25 days, the thickness of Cu6Sn5 began to increase following the 
disappearance of the voids. The thickness of (Cu,Ni)6Sn5 on the Ni side did not increase 
significantly, and after aging at 150℃ for 36 days it reached only about 7 µm. Compared 
to the Ni-SnAg-Cu solder joint, the thicknesses of IMCs at both the interfaces of 
Au/Ni/Cu-SnAg-Cu solder joint are much thinner. A large amount of IMC at interfaces is 
known to be detrimental to mechanical strength of a solder joint. As discussed before, Au 
surface finish plays an important role in inhibiting the IMC growth at the interfaces of 
Au/Ni/Cu-SnAg-Cu solder joints. It was reported that redeposition behavior of 
(Au,Ni)Sn4 occurred on Ni3Sn4 in SnPb and SnAg solder joints when a Au/Ni/Cu pad 
was used [13,25]. The reconstituted layer may degrade the strength and ductility of the 
solder/pad interfaces, eventually resulting in Au-embrittlement in the solder 
interconnections. Recently, it has been observed that Cu added to eutectic SnPb and 
SnAg solders is very effective in retarding the redeposition behavior of (Au,Ni)Sn4 and 
following Au embrittlement due to the formation of the ternary Cu-containing IMCs in 
the solder matrices [26,27]. The redeposition of (Au,Ni)Sn4 did not occur in this study, as 
a result of the presence of Cu in the solder joints. Instead of coming from a Cu-containing 
solder, Cu dissolved from the Cu pad prevented the (Au,Ni)Sn4 from redepositing at the 
interface because (Cu,Au,Ni)6Sn5 or (Cu,Au)6Sn5 instead of (Au,Ni)Sn4 was formed. 
Generally, the Cu6Sn5-type IMCs should be more thermodynamically stable than 
(Au,Ni)Sn4. No AuSn4 was detected in the solder bulk after aging. Therefore, during 
thermal aging, AuSn4 formed in the reflow soldering must have decomposed into Au 
atoms, which in turn were incorporated in Cu6Sn5 to form the ternary or quaternary 
Cu6Sn5-type Au-containing IMCs at the interfaces and the solder bulk. It indicates that 
the combination of Au/Ni/Cu and Cu is an effective way to control the rapid growth of 
interfacial IMCs and inhibit the redeposition behavior of (Au,Ni)Sn4 at the interfaces. 
CONCLUSIONS 
The coupling effect between two pads in Ni-SnAg-Cu and Au/Ni/Cu-SnAg-Cu solder 
joints was investigated. Interfacial reactions on the Ni pad in the Ni-SnAg-Cu solder joint 
was strongly affected by Cu pad on the opposite side, and (Cu,Ni)6Sn5 was observed on 
the Ni pad. A small amount of Ni was also involved in the Cu6Sn5 on the Cu pad, 
resulting in Cu6Sn5 layer entrapped with some solder. Cu6Sn5 was observed in the solder 
bulk. During thermal aging, the Cu6Sn5 grains integrated with each other, and the trapped 
solder disappeared gradually. Au was involved into Cu6Sn5 and (Cu,Ni)6Sn5 formed on 
Cu and Au/Ni/Cu pads in Au/Ni/Cu-SnAg-Cu solder joint during thermal aging treatment. 
It is interesting to find that the (Cu,Au)6Sn5 with lower Au concentration was enwrapped 
with (Cu,Au)6Sn5 with higher Au concentration at the interface and in the solder bulk. 
Compared to the interfacial IMCs in Ni-SnAg-Cu solder joint, the thicknesses of IMCs at 
both the interfaces of Au/Ni/Cu-SnAg-Cu solder joint are much thinner. It indicates that 
Au surface finish plays an important role in inhibiting the IMC growth at both the 
interfaces. Furthermore, no redeposition behavior of (Au,Ni)Sn4 was found. It was 
assumed that Cu dissolved from Cu pad at one side can play an important role in 
preventing the redeposition behavior. 
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Fig.1 Microstructure evolution in Ni-SnAg-Cu solder joint after aging at 150
℃ for (a) 0 day at Cu side (b) 0 day at Ni side (c) 4 days at Cu side (d) 4 
days at Ni side (e) 9 days at Cu side (f) 9 days at Ni side (g) 25 days at Cu 
side (h) 25 days at Ni side (i) 36 days at Cu side (j) 36 days at Ni side 
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Fig.2  Interface of Cu/SnAg in Ni-SnAg-Cu solder joint after reflow (a) 
BSE image and x-ray color mapping of (b) Ag (c) Sn (d) Cu (e) Ni 
(a) (b) (c)
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Fig.3 An enlarged Sn corner of the 
isothermal section of the Sn-Cu-Ni 
ternary phase diagram at 235℃ 
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Fig.4 Microstructure evolution in Au/Ni/Cu-SnAg-Cu solder joint after aging 
at 150℃ for (a) 0 day at Au/Ni/Cu side (b) 0 day at Cu side (c) 4 days at 
Au/Ni/Cu side (d) 4 days at Cu side (e) 9 days at Au/Ni/Cu side (f) 9 days at 
Cu side (g) 25 days at Au/Ni/Cu side (h) 25 days at Cu side (i) 36 days at 
Au/Ni/Cu side (j) 36 days at Cu side  
(i) (j)
(Cu,Au)6Sn5 
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Fig.5 Interface of Cu/SnAg in Au/Ni/Cu-SnAg-Cu 
solder joint after aging at 150℃ for  4 days (a) BSE 
image and x-ray color mapping of (b) Au (c) Sn (d) 
Cu  
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